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Summary 

In Drosophila, the major rhodopsin Rhl is synthesized 
in endoplasmic reticuIum (ER)-bound ribosomes of 
the R1-R6 photoreceptor cells and is then transported 
to the rhabdomeres where it functions in phototrans- 
duction. Mutations in the cyclophilin homolog ninaA 
lead to a 90% reduction in Rhl opsin. Cyclophilins 
have been shown to be peptidyl-prolyl cis-trans isom- 
erases and have been implicated in catalyzing protein 
folding. We now show that mutations in the ninaA gene 
severely inhibit opsin transport from the ER, leading 
to dramatic accumulations of ER cisternae in the pho- 
toreceptor cells. These results demonstrate that ninaA 
functions in the ER. Interestingly, ninaA and Rhl also 
colocalize to secretory vesicles, suggesting that Rhl 
may require ninaA as it travels through the distal com- 
partments of the secretory pathway. These results are 
discussed in relation to the possible role of cyclo- 
philins in protein folding and intracellular protein traf- 
licking. 

Introduction 

The cyclophilins (CyPs) are a highly conserved family of 
proteins expressed ubiquitously in organisms from pro- 
karyotes to mammals (reviewed by Hohman and Hultsch, 
1990; Stamnes and Zuker, 1990; Schreiber, 1991). Many 
of these proteins display high binding affinity and stereo- 
specificity for cyclosporin A (CsA) (Quesniaux et al., 1987). 
CsA is a small peptide of fungal origin with strong immuno- 
suppressive properties (Borel, 1976; Borel et al., 1976) 
used to prevent graft rejection and in the treatment of auto- 
immune disorders (reviewed by Shevach, 1985; Kahan, 
1989). CsA blocks an early event in the activation of helper 
T lymphocytes, primarily by inhibiting the transcription of 
T cell activation genes, such as interleukin-2, interleukin-4, 
and .y-interferon (Elliot et al., 1984; Kronke et al., 1984; 
Herold et al., 1986; Bickel et al., 1987; Drugge and 
Handschumacher, 1988; Granelli-Piperno, 1988; Emmel 
et al., 1989; Mattila et al., 1990; Randak et al., 1990). 
Although the mode of action of CsA is not known, whole- 
cell and biochemical studies support the notion that the 
immunosuppressive properties of CsA are mediated via 
its binding to CyP (reviewed by Sigal et al., 1990). 

Sequence comparison among CyPs revealed the pres- 
ence of a conserved central core domain (reviewed by 
Stamnes and Zuker, 1990), flanked in some cases by hy- 
drophobic N-terminal extensions (Tropschug et al., 1988; 

Schneuwly et al., 1989; Shieh et al., 1989; Kawamukai et 
al., 1989; Iwai and Inagami, 1990; Liu and Walsh, 1990; 
Koser et al., 1990; Tropschug, 1990; Price et al., 1991; 
Caroni et al., 1991; Spik et al., 1991). The N-terminal ex- 
tension may serve as a signal sequence and may be in- 
volved in the targeting of different CyPs to distinct subcel- 
lular compartments, thus raising the possibility that CyP 
heterogeneity may reflect functional diversity in this family 
of proteins. 

A clue to the possible in vivo role of CyPs came from 
studies of their in vitro biochemical activities. CyPs are 
peptidyl-prolyl cis-trans isomerases (PPlases) that cata- 
lyze the cis-trans isomerization of a peptide bond between 
a proline residue and its amino-terminal neighbor. In vitro, 
PPlases accelerate the slow refolding phase of a number 
of denatured proteins, including collagen, ribonucleases, 
and immunoglobulins (Lang et al., 1987; B~chinger, 1987; 
Davis et al., 1989; Kiefhaber et al., 1990). Interestingly, 
CsA has been shown to be a potent inhibitor of the PPlase 
activity of CyPs (Fischer et al., 1989; Takahashi et al., 
1989). Taken together, these findings provided a simple 
model for CyP action in T helper lymphocytes: CsA may 
inhibit the ability of CyP to catalyze the folding of key mole- 
cules involved in the T cell activation cascade. However, 
CsA analogs that bind CyP and inhibit its PPlase activity, 
but that do not immunosuppress, have been identified (Si- 
gal et al., 1990, 1991). These results indicate that CyPs 
have other activities that are responsible for immunosup- 
pression. 

Recently, it has been proposed that CyPs may play a 
role in intracellular protein trafficking and in secretion (re- 
viewed by Hohman and Hultsch, 1990; Schreiber, 1991; 
Caroni et al., 1991; Spik et al., 1991). Studies on the effect 
of CsA on the transcription factor NF-AT (nuclear factor of 
activated T cells) suggest that CsA may inhibit its cyto- 
plasmic to nuclear translocation following T cell activation 
(Flanagan et al., 1991). In mast cells and cytotoxic T lym- 
phocytes, CsA has been shown to inhibit calcium-depen- 
dent exocytosis (Trenn et al., 1989; Hultsch et al., 1990; 
reviewed by Hohman and Hultsch, 1990). These findings 
suggest CyPs have multiple roles in cellular metabolism 
(see Discussion). 

Insights into the in vivo role of CyPs have come from 
studies of the ninaA gene in Drosophila. Mutations in the 
ninaA gene result in a major reduction in the levels of Rhl 
rhodopsin in the R1-R6 photoreceptor cells (Larrivee et 
al., 1981). Previous studies showed that ninaA encodes a 
CyP homolog (Shieh et al., 1989; Schneuwly et al., 1989) 
that is essential for posttranslational processing of Rhl 
(Zuker et al., 1988; Stamnes et al., 1991). ninaA is unique 
among CyPs in that it contains both a cleavable N-terminal 
signal sequence and a hydrophobic C-terminal transmem- 
brane domain (Schneuwly et al., 1989; Shieh et al., 1989; 
Stamnes et al., 1991). It is a photoreceptor-specific inte- 
gral membrane glycoprotein with the CyP-homologous do- 
main located on the exoplasmic face of the membrane, 
making it ideally situated for a role in the Rhl biosynthetic 
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pathway (Stamnes et al., 1991). We now show that ninaA 
is required for export of Rhl opsin from the endoplasmic 
reticulum (ER) and that it is located throughout the secre- 
tory pathway. In addition, we show that ninaA mutant 
photoreceptor cells have dramatic accumulations of Rhl- 
laden ER cisternae. Interestingly, these mutant cells ex- 
hibit high specificity in their ability to process properly 
ninaA-dependent versus ninaA-independent rhodopsin 
substrates. 

Results 

Rhodopsin Is Not Translocsted out of the ER 
in ninaA Mutant Photoreceptors 
In wild-type Drosophila photoreceptor cells, Rhl opsin is 
synthesized in the ER and transported via the secretory 
pathway to the rhabdomeres where it functions in visual 
transduction. Rhabdomeres are arrays of tightly packed 
microvilli containing the rhodopsin molecules and the ma- 
chinery required for phototransduction. We have pre- 
viously suggested that the ninaA protein is required for the 
proper folding, stability, or transport of Rhl opsin during 
biosynthesis (Shieh et al., 1989; Stamnes et al., 1991). The 
improper processing of proteins targeted to the secretory 
pathway frequently leads to the retention of these proteins 
within the ER or other compartments along this pathway 
(Pfeffer and Rothman, 1987; Rose and Doms, 1988; Lod- 
ish, 1988; Hurtley and Helenius, 1989; Pelham, 1989; Doi 
et al., 1990). Thus, photoreceptors lacking ninaA may con- 
tain Rhl that is not transported through the secretory 
pathway. 

In wild-type flies, Rhl opsin localizes predominantly to 
the rhabdomeres of the R1-R6 photoreceptors (Figure 
1A). This is expected since fly rhodopsin has a very long 
half-life (W. S. Stark, personal communication), and at 
steady state the majority should localize to the rhabdo- 
meres. In addition, small amounts of Rhl are also found 
in phagosomes generated during the normal process of 
photoreceptor membrane turnover (see Figure 1A) (Blest, 
1988; Stark et al., 1988). In sharp contrast, ninaA ~ null 
mutant flies have very little Rhl opsin in their rhabdo- 
meres. Most of the immunoreactivity is associated with the 
ER membranes (Figure 1B). These findings suggest that 
ninaA activity is required for the transport of Rhl from 
the ER. 

To examine this more closely, we used the glycosylation 
state of Rhl to distinguish between rhabdomeric and ER 
opsin. Rhl opsin has two potential sites for N-linked glyco- 
sylation (Asn-20 and Asn-193) (O'Tousa et al., 1985; Zuker 
et al., 1985). During biosynthesis, opsins in flies are tran- 
siently glycosylated in the ER (Huber et al., 1990); the 
mature molecules, present in the rhabdomeres, do not 
contain detectable levels of sugars (de Couet and Tani- 
mura, 1987; Huber et al., 1990). We examined Rhl opsin 
from control wild-type flies, from ninaA ~9 mutants, and 
from a temperature-sensitive ninaA allele (ninaA228), both 
at the restrictive (29°C) and permissive temperatures 
(18°C). Wild-type opsin and opsin from ninaA 2~e mutants 
grown at 18°C consist mostly of the mature rhabdomeric 

form, while Rhl opsin from either ninaA ~9, or ninaA 228 
grown at 29°C, contains a substantial amount of the high 
molecular weight glycosylated state (Figure 2, first panel). 
Treatment of ninaA 26g extracts with peptide N-glycosidase 
F or endoglycosidase H causes the electrophoretic mobil- 
ity of the Rhl opsin to increase such that it now comigrates 
with the mature form (Figure 2, second and third panels). 
Since endoglycosidase H only cleaves immature high 
mannosyl oligosaccharide chains (reviewed by Kornfeld 
and Kornfeld, 1985), the majority of Rhl opsin must be in 
the ER. 

ninaA Mutants Display Large Accumulations of ER 
Examination of R1-R6 photoreceptors from ninaA mu- 
tants showed that these cells not only have reduced rho- 
dopsin levels but also have an additional phenotype; the 
cells display large accumulations of rough ER membranes 
(Figures 3A and 3B). This massive ER buildup is com- 
posed of many long cisternae per ER stack often organized 
in concentric circles; in some cells these are so abundant, 
that they fill the cytoplasm. Serial sections through the 
eyes of ninaA 2e9 mutant flies confirmed that the ER accu- 
mulations are present in all of the R1-R6 photoreceptor 
cells, from apical to basal locations. In contrast, wild-type 
photoreceptors have a small amount of ER in the cyto- 
plasm (see Figure 3D). The specificity of this phenotype 
was confirmed by examining ninaA 22a flies. ER accumula- 
tions are present at the restrictive temperature (Figure 3C), 
but not at the permissive temperature (Figure 3D). 

Previous work from a number of laboratories has re- 
vealed that abnormal protein accumulations in the ER may 
cause overproliferation of both smooth and rough ER cis- 
ternae (Chin et al., 1982; Anderson et al., 1983; Wright et 
al., 1988; Pacifici and Iozzo, 1988). Thus, it is possible 
that Rhl opsin itself is responsible for the buildup of ER 
membranes in ninaA mutants. To examine this possibility, 
we constructed a ninaA; ninaE double mutant, ninaE is the 
structural gene for the Rhl opsin (O'Tousa et al., 1985; 
Zuker et al., 1985), so ninaA; ninaE flies lack ninaA and 
Rhl opsin. Figure 3E shows that ninaA; ninaEdouble mu- 
tants do not display accumulations of ER membranes, 
demonstrating that it is not the lack of ninaA but rather the 
presence of Rhl opsin in ninaA mutant photoreceptors 
that is responsible for the ER proliferation. 

Recently, we showed that ninaA is required for the syn- 
thesis of the two closely related Drosophila opsins Rhl 
and Rh2, but not for the two more distantly related Rh3 and 
Rh4 opsins (Stamnes et al., 1991). We have also examined 
the specificity of the ER phenotype by generating trans- 
genic flies expressing Rh2, Rh3, or Rh4 opsins in the R1- 
R6 photoreceptors of ninaA; ninaE mutant hosts. Figure 
3F shows that photoreceptors from transgenic animals in 
which we replaced the Rhl opsin with Rh2 still display 
dramatic accumulations of ER membranes. However, 
R1-R6 photoreceptors expressing only the ninaA-inde- 
pendent Rh3 or Rh4 opsin displays normal ER (data not 
shown). Taken together, these results demonstrate that 
disruption of a specific interaction between ninaA and Rhl 
(or Rh2) causes overproliferation of ER. 
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Figure 1. Immunolocalization of Rhl and ninaA 

Sections of photoreceptor cells embedded in Low=cryl 4KM were mmur~olabeled with 5 nm gold particles followed by silver enhancement (Janssen 
Silver Enhancement Kit) to demonstrate Rhl opsin. (A) Photoreceptor cells from wild-type flies immunolabel for Rhl opsin predominantly in the 
rhabdomeres (R). This section also shows a phagosome (P) containing Rhl ops n; N, nucleus (bar, 0.5 p.m). (B) ninaA ~ photoreceptor cells display 
most of the Rhl immunoreactivity in the ER (endoplasmic reticulum, small arrows), with very little in the rhabdomeras (bar, 0.45 tim). (C-F) Ultrathin 
cryosections of wild-type flies labeled with a rat anti-ninaA antibody (Stamnes et al., 1991 ) fo owed by 5 nm gold-conjugated goat anti-rat antibody. 
In (D) and (E) the gold particles were silver enhanced. Note the ninaA immunoreactivity in the following regions: (C) ER cisternae (arrowheads) (bar 0.1 
p.m), (D and E) small vesicles located throughout the cytoplasm and at the base of the rhabdomeres (bars, 0.2 p.m) (note that ninaA immunoreactivity is 
absent from the rhabdomeres [R]), and (F) nuclear envelope (bar, 0.2 p.m). Cryosections of wild-type flies were also double immunolabeled with 
anti-ninaA (5 nm gold particles) and anti-Rhl (15 nm) antibodies to colocalize ninaA and Rhl opsin, respectively. (G) and (I) show vesicles that label 
for both ninaA and Rhl opsin (arrowhead, Rhl; open arrow, ninaA protein). (H) shows a vesicle that labels only for ninaA. Bars, 0.1 p.m (G), 0.05 
I~m (H), and 0.1 p.m (I). 
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Figure 2. Rhl Opsin Is Improperly Processed 
in ninaA and ninaD Mutants 
Retinal extracts were prepared from wild-type 
controls, ninaA 228, ninaA ~ ,  and ninaD ~ mu- 
tants. Retinal proteins were separated by elec- 
trophoresis in 12% SDS-polyacrylamide gels, 
electroblotted to nitrocellulose, and labeled 
with a monoclonal anti-Rhl opsin antibody 
as described in the Experimental Procedures. 
Drosophila Rhl opsin can be found as mature, 
ungiycosylated protein (1)or core glycosylated 
(1 *). (2) and (2*) refer to the respective dimer 
forms of Rhl. Numbers to the right refer to mo- 
lecular weight markers. Panel 1, wild-type Rhl 

opsin and Rhl from ninaA 228 flies grown at 18°C are predominantly found in the lower molecular weight form, while Rhl opsin from ninaA mutants 
(ninaA 228 grown at 29°C and ninaA ~9) is found in the immature higher molecular weight form (20 retinae per lane). Panel 2, retinal membrane 
preparations were incubated with 0.5 U of peptide-N-glycosidase F (+) as described in the Experimental Procedures and compared with undigested 
controls (-). Each wild-type control lane (w.t.) contains six retinae; each ninaA ~ lane contains 60 retinae to compensate for the severe reduction 
of Rhl levels in ninaA mutants (see first panel). Panel 3, retinal membranes were incubated with 0.0015 U of endoglycosidase H (+) as described 
in the Experimental Procedures and compared with undigested controls (-). Wild-type control lanes contain 10 retinae; each ninaA 289 lane contains 
100 retinae. Panel 4, a substantial amount of Rhl opsin in ninaD T M  mutants is also present in the higher molecular weight unprocessed form (60 
retinae per lane), while Rhl opsin from wild-type flies is exclusively composed of the mature form (two retinae per lane). 

Given the dramatic ER phenotype of ninaA mutant pho- 
toreceptors, we wanted to assess whether ER processing 
of other proteins is also affected. To investigate this possi- 
bility we determined the expression pattern for another 
membrane protein, chaoptin, in ninaA mutant flies. Immu- 
nocytochemical analysis reveals that despite the huge ER 
accumulations in the photoreceptor cells, chaoptin is pres- 
ent at its normal location on the cell surface (data not 
shown) (see Van Vactor et al., 1988). In addition, the micro- 
villar membranes of the rhabdomeres of ninaA 269 flies do 
not display the disorganization that is characteristic of 
chaopt ic  mutant flies (Van Vactor et al., 1988). More spe- 
cifically, we also examined whether the large ER accumu- 
lations are competent to process other opsins properly, 
like Rh3 and Rh4. We generated transgenic animals ex- 
pressing the Rh2 and Rh4 opsins in the same photorecep- 
tor cells. This was accomplished by directing expression 
of the Rh2 and Rh4 structural genes under the control of an 
R1-R6-specific promoter (Rhl promoter). Photoreceptors 
of transgenic animals expressing both opsins still display 
large amounts of ER and produce defective Rh2 opsin 
when in a ninaA mutant background (data not shown). 
This is consistent with the requirement of ninaA for Rh2 
biogenesis (Stamnes et al., 1991). 

The presence of functional Rh4 rhodopsin in these 
transgenic flies was assayed electrophysiologically. R1- 
R6 photoreceptors undergo a prolonged depolarizing af- 
terpotential (PDA), which persists after cessation of a light 
stimulus whenever a substantial amount of rhodopsin (R) 
is converted to the stable meta form (M) (approximately 
20%-30% of wild-type levels must be photoconverted 
from R to M; Minke et al., 1975; Hillman et al., 1983). The 
PDA can be suppressed by photoconverting M back to R. 
Since the generation of a PDA requires photoconversion of 
a large amount of R to M, mutants with defective rhodopsin 
levels cannot undergo a PDA (Stephenson et al., 1983). 
We used the generation of a PDA as an indicator of the 
levels of functional Rh4 rhodopsin. Figure 4 shows that 
transgenic animals expressing Rh2 and Rh4 opsins in the 

R1-R6 cells of ninaA mutants still have sufficient levels 
of functional Rh4 rhodopsin, so as to generate a PDA, 
demonstrating that, in spite of the large accumulations of 
ER and retention of Rh2 opsin, a significant fraction of the 
Rh4 opsin is still properly processed. 

If ER membrane buildup occurs when rhodopsin is im- 
properly processed, then it follows that other mutations 
that affect opsin processing may also result in an accumu- 
lation of ER membranes. Thus, we examined the ultra- 
structure of photoreceptor cells from ninaD mutant flies. 
ninaD mutants are defective in retinal metabolism and fail 
to synthesize the retinal chromophore, which is normally 
covalently bound to the opsin apoprotein (Stephenson et 
al., 1983). Binding of chromophore to opsin is thought to 
take place in the ER (St. Jules et al., 1989). Ultrastructural 
analysis of photoreceptors from n inaD 2~ mutants shows a 
striking increase in ER content (Figure 3G). Moreover, 
most of the Rh 1 opsin is in its high molecular weight unpro- 
cessed form, confirming that core glycosylated Rhl opsin 

~isnot being transported out of the ER (Figure 2). Therefore, 
it appears that the retention of opsin in the ER cisternae 
and the accumulations of ER membranes are a general 
consequence of improper rhodopsin processing during 
biosynthesis. Thus, Rhl opsin must interact with both 
ninaA and its chromophore to exit the ER. 

T h e  n i n a A  Pro te in  Is L o c a t e d  in S e v e r a l  

C o m p a r t m e n t s  of  the Secretory P a t h w a y  

To determine the exact subcellular location of the ninaA 
protein, we immunolabeled ultrathin cryosections of wild- 
type flies with an antibody directed to ninaA. As expected, 
ninaA immunolocalizes to the ER, often to cisternae asso- 
ciated with the outer nuclear envelope (Figures 1C and 
1F). Surprisingly, ninaA is also found in small vesicles 
located throughout the cytoplasm (Figure 1 D, 1 E, and 1 H). 

If ninaA acts directly on Rh 1 opsin, then we would expect 
to find both proteins located within the same compart- 
ments. Double immunolabeling experiments show that 
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Figure 3. ninaA Mutants Overproduce ER 
(A and B) Electron micrographs of ninaA 2~ photoreceptor cells displaying large accumulations of rough ER (bars, 0.45 i.¢m and 0.3 p.m, respectively). 
(C) Temperature-sensitive ninaA 228 mutants grown at the restrictive temperature (29°C) overproduce ER (bar, 0.6 p.m). (D) ninaA ~28 mutants grown 
at the permissive temperature (18°C) do not overproduce ER (bar, 0.4 p.m). (E) The double mutant ninaA~;  n inae 17 does not display large 
accumulations of ER, demonstrating the Rhl requirement for ER overproliferation (bar, 0.5 p.m). (F) Transgenic flies expressing Rh2 opsin in the 
R1-R6 photoreceptor cells of ninaA~; ninaE "7 double mutants accumulate ER (bar, 0.5 p.m). (G) ninaD ~ photoreceptors also display large 
accumulations of ER (bar, 0.5 I~m). R refers to rhabdomere, G refers to Golgi, and N refers to nucleus. 
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Figure 4. ninaA Mutants That Retain Rh20psin in the ER Can Still 
Properly Process the Rh4 Rhodopsin 

Shown are electroretinogram recordings from transgenic flies express- 
ing the Rh2 and Rh4 opsins in the R1-R6 photoreceptor cells. The 
Rhl promoter was used to direct the expression of the Rh2 and Rh4 
structural genes. The host flies used for P element-mediated transfor- 
mation were ninaE "7 and thus lacked all endogenous rhodopsin in 
their R1-R6 cells (O"l'ousa et al., 1985). Responses to light stimuli 
representing the Rh4 absorption maxima (K. Kirschfeld, R. Feller, 
R. Bjornson, M. Socolich, D. Smith, D. Mismer, G. M. Rubin, and 
C. S. Z., unpublished data) and of sufficient intensity to trigger a PDA 
are shown (see Experimental Procedures). PDAs are indicated by the 
double arrows. (A) represents recordings from control flies expressing 
Rh4 in the R1-R6 photoreceptor cells; note the robust PDA. (13) A 
recording from transgenic animals expressing the Rh4 and Rh2 opsins 
in the R1-R8 cells of ninaA; ninaE double mutants. These flies display 
large accumulations of ER due to the presence of improperly pro- 
cessed Rh2, yet note the PDA response of the Rh4 rhodopsin. The 
large depolarization to subsequent 375 nm light stimulus reflects acti- 
vation of the small amount of Rh2 (~. max, 420 nm) and the ultraviolet- 
sensitizing pigment of the R1-R6 photoreceptors (Feller et al., 1988). 

ninaA and Rhl opsin colocalize in vesicles distributed 
throughout the cytoplasm (Figures 1 G and 1 I). These vesi- 
cles are presumably transporting Rhl opsin from the ER 
and Golgi to the rhabdomeres. Interestingly, there are also 
examples of vesicles that contain predominantly one or 
the other molecule (Figure 1 H). Since ninaA does not local- 
ize to the rhabdomeres (see Figure 1 E), it is reasonable to 
assume that ninaA is sorted from Rhl opsin at the base 
of the rhabdomere. 

Discussion 

The observation that mutations in the ninaA gene result in 
a block of Rhl transport has important mechanistic impli- 
cations. During biosynthesis, membrane proteins are 
thought to be inserted into the ER membrane in a largely 
unfolded state. Although relatively little is known about 
how they eventually attain their three-dimensional confor- 
mation, it is clear that protein export from the ER is often 
critically dependent on protein folding. Misfolded proteins 
tend to form insoluble aggregates that are presumably 
unable to enter transport vesicles, or they bind to resident 
ER proteins, such as heavy chain-binding protein (BiP, 
grp78), that prevent their export (reviewed by Rose and 
Doms, 1988; Lodish, 1988; Hurtley and Helenius, 1989; 
Pelham, 1989). The evidence presented in this paper 

points to ninaA as essential for the proper transport of Rhl 
from the ER. 

Mutations in the ninaA gene result in the accumulation 
of Rhl in the ER and elaboration of massive amounts of 
ER membranes. Since membrane biogenesis requires the 
coordinated synthesis and assembly of all membrane 
components, this finding illustrates the dramatic changes 
in cellular membranes caused by the accumulation of a 
specific protein in the wrong location. I~lany examples of 
this phenomenon have been observed, including yeast 
and Chinese hamster ovary cells overexpressing 3-hy- 
droxy-3-methylglutaryl coenzyme A reductase (Chin et al., 
1982; Anderson et al., 1983; Wright et al., 1988), cultured 
chondroblasts accumulating procollagen (Pacifici and 
Iozzo, 1988), and ER accumulations in yeast sec mutants 
(Novick et al., 1980; Kaiser and Schekman, 1990). Pro- 
teins retained in the ER are often selectively degraded 
(Hurtley and Helenius, 1989); this is a possible explanation 
for the decreased levels of Rhl in ninaA mutant flies. Given 
that ninaA immunolocalizes to the ER and shows homol- 
ogy to PPlase, all these results are consistent with ninaA 
playing a role in the folding of Rhl. 

In general, proteins synthesized in the ER are sorted as 
permanent ER residents or are transported through the 
secretory pathway for further sorting. Export from the ER 
to the Golgi apparatus normally occurs by a nonselective 
bulk flow process, and specific sorting signals are required 
for the selective retention of soluble and membrane pro- 
teins in the ER (Munro and Pelham, 1986, 1987; Pfeffer 
and Rothman, 1987; Rothman, 1987; Lodish, 1988; Pel- 
ham, 1989, 1990). ninaA contains a C-terminal hydropho- 
bic segment that has been shown to act as a membrane 
anchor domain and may serve as an ER retention signal. 

An interesting difference between ninaA and most other 
ER proteins is that it is also found in distal compartments 
of the secretory pathway. It is possible that the colocaliza- 
tion of ninaA and Rhl in secretory vesicles may reflect 
a functional requirement for ninaA in post-ER compart- 
ments. The high substrate specificity of ninaA for a distinct 

. subset of rhodopsins, however, argues against a general- 
ized role in the transport process per se. Interestingly, 
multiple lines of evidence point to CyPs as having addi- 
tional activities besides PPlase activity. For instance, the 
identification of CsA analogs that inhibit the PPlase activity 
of CyP but that do not immunosuppress strongly argues 
that PPlase activity is not the CyP activity required in the 
activation of T helper lymphocytes (Sigal et al., 1990, 
1991). One possibility is that CyPs are involved in intra- 
cellular transport events, including cytoplasmic-nuclear 
translocation (Flanagan et al., 1991) and calcium-de- 
pendent receptor-mediated secretion (reviewed by Hoh- 
man and Hultsch, 1990). Remarkably, recent data strongly 
support the notion that the CyP-CsA complex may have 
novel activities not found in uncomplexed CyP. For exam- 
ple, studies of Neurospora crassa and Saacharomyces 
cerevisiae mutants resistant to CsA have shown that these 
mutants either lack CyP or CyP has lost the ability to bind 
CsA, thus demonstrating that it is not the inhibition of CyP 
but rather the CyP-CsA complex that may be responsible 
for the toxic effects of CsA (Tropschug et al., 1989). 



Cyclophilin in the Endoplasmic Reticulum 
261 

The re fo re ,  u n r a v e l i n g  the ro le o f  CyPs  in ce l lu la r  phys io l -  

ogy  wil l  r equ i re  not  on ly  a de ta i led  s tudy  o f  the  e f fec ts  

med ia ted  by CsA,  but  mo re  impor tant ly ,  it wil l  r equ i re  a 

c o m p r e h e n s i v e  ana l ys i s  o f  the natura l  ce l lu la r  func t ion  o f  

CyPs.  D issec t ing  the  po ten t ia l l y  c o m p l e x  func t i ons  o f  

C y P s  in ca ta lys i s  o f  p ro te in  fo ld ing  as  wel l  as  in pro te in  

ta rge t ing  and t ra f f i ck ing  shou ld  p rov ide  v a l u a b l e  in fo rma-  

t ion into the b i o l o g y  o f  t hese  p rocesses .  T h e  w o r k  pre-  

sen ted  in th is p a p e r  and  the ava i lab i l i ty  o f  D r o s o p h i l a  mu- 

tan ts  de fec t i ve  in n inaA  func t ion  a re  p rov id i ng  s ign i f i can t  

ins ights  into the  in v ivo  ro le o f  CyPs.  

Experimental Procedures 

Fly Stocks and Transgenlc Animals 
ninaA *~, ninaA 22a, and ninaD ~ mutants were originally obtained from 
W. Pak. The ninaE "7 stock is a null allele of Rhl containing an internal 
deletion in the ninaE gene (O'Tousa et al., 1985). The control stock 
used in this study was w "~8. ninaA~; nine B17 double mutants and w "~a, 
P[Rh 1+2]; ninaA~; P[Rh l +4], nina E"7 animals were constructed using 
standard balancer stocks (Lindsley and Grail, 1968). 

Transgenic flies expressing Rh2 or Rh4 opsin in the R1-R6 photore- 
ceptor cells were constructed by generating transcriptional fusions 
between the Rhl promoter and the structural gene for the minor opsins 
(see Zuker et al., 1988; Stamnes et al., 1991). The detailed microspec- 
trophotometric and physiological analysis of the Rh l+4 lines will be 
presented elsewhere (K. Kirschfeld, R. Feller, R. Bjornson, M. Socol- 
ich, D. Smith, D. Mismer, G. M. Rubin, and C. S. Z., unpublished data). 

Electron Microscopy and Ultrastructural Analysis 
Adult heads were fixed and processed according to the methods of 
Baumann and Walz (1989). The fixed tissue was dehydrated in serial 
changes of ethanol followed by propylene oxide and embedded in 
Spurr's medium (Polysciences, Inc.). Ultrathin sections were obtained 
on a Reichert Ultracut E uitramicrotome. Sections were stained with 
2% uranyl acetate and lead citrate and viewed at 80 kV on a JOEL 
1200EX electron microscope. For all genotypes described, at least five 
individual heads were sectioned, and 100 ommatidia were observed 
from each eye. During initial phases of the study, serial sections ob- 
tained from w "18 and ninaA *~ flies were observed to ensure that the 
phenotype was consistent from the apical to the basal regions of the 
eye. In all cases newly eclosed flies were used because in ninaA flies 
the number of ER cisternae appears to decrease with age. 

Immunocytochemletry 
Adult fly heads were fixed on ice in either 3% p-formaldehyde, 0.1% 
glutaraldehyde in 100 mM sodium phosphate buffer containing 2 mM 
calcium chloride (pH 7.2-7.4) or in 3% p-formaldehyde, 0.25% glutar- 
aldehyde followed by sodium borohydride treatment (Eldred et el., 
1983). The tissue was either infiltrated with 2.3 M sucrose and frozen 
in liquid nitrogen for cryoultramicrotomy (Tokuyasu, 1986, 1989) or 
dehydrated through a graded series of ethanols and embedded in 
Lowicryl 4KM according to the manufacturer's instructions (Electron 
Microscopic Sciences, Inc.). Polymerization in Lowicryl was carried 
out a t -40°C under ultraviolet illumination. Ultrathin cryosections were 
obtained using a Reichert Ultracut E ultramicrotome equipped with an 
FC-4D cryo attachment. Sections were indirectly immunolabeled with 
a monoclonal antibody directed against Rhl (a gift from D. Blest; de 
Couet and Tanimd'ra, 1987), followed by a biotinylated goat anti-mouse 
immunoglobulin G (Jackson ImmunoResearch) and 5 nm gold--conju- 
gated streptavidin (BioCell, Inc.), or 15 nm gold-conjugated goat anti- 
mouse antibody (Janssen Life Sciences Products). The affinity-purified 
rat anti-ninaA antibody (Stamnes etal., 1991) was followed by 5 nm 
gold-conjugated goat anti-rat antibody (Janssen Life Sciences Prod- 
ucts). In some cases the gold particles were silver enhanced with 

• AuroProbe EM according to the manufacturer's instructions (Janssen 
Life Sciences Products). The monoclonal antibody to chaoptin (24B10) 
was obtained from S. L. Zipursky (Van Vactor et al., 1988). After label- 
ing, the sections were fixed in 2% glutaraldehyde, postfixed in 2% 
osmium tetroxide, and stained with 2% uranyl acetate. Cryosections 

were postembedded according to the methods described by Tokuyasu 
(1986, 1989). Sections were viewed at 80 kV on a JOEL 1200EX elec- 
tron microscope. 

Protein Gels and Western Blotting 
Tissue homogenates were prepared as described by Stamnes et al. 
(1991). Retinal proteins were separated by electrophoresis in 12% 
SDS-polyacrylamide gels (Laemmli, 1970) and electroblotted onto ni- 
trocellulose filters (Towbin etal., 1979). The nitrocellulose was incu- 
bated with a monoclonal antibody directed to the C-terminal region of 
Rh 1 (de Couet and Tanimura, 1987), and the immunoreactive proteins 
were visualized using alkaline phosphatase-conjugated goat anti- 
mouse immunoglobulin G (Jackson ImmunoResearch). For glycosi- 
dase-treated samples, dissected retinas were homogenized in 20 mM 
Tris (pH 7.5), 0.1 mM phenylmethylsulfonyl fluoride, 0.5 p.g/ml leupep- 
tin, 0.5 pg/ml pepstatin and centrifuged at 100,000 x g for 30 min 
(Stamnes et al., 1991). Peptide-N-glycosidase (0.5 U; Boehringer 
Mannheim) or endoglycosidase H (0.0015 U; Boehringer Mannheim) 
treatments were carried out overnight at 37°C (Huber et al., 1990). 

Electroretinograph Recordings 
All recordings were carried on white-eyed flies. Glass or wick elec- 
trodes were filled with standard saline. Light stimulation was by means 
of a Xenon light beam (450 W Osram, Oriel Corp., Stratford, CT) 
passed through a high intensity grating monochromator (Oriel model 
77264). The wavelengths required to trigger a PDA on transgenic flies 
expressing either the Rh2 or the Rh4 rhodopsin in the R1-R6 photore- 
ceptors were determined experimentally by microspectrophotometry 
(Feller et al., 1988; K. Kirschfeld, R. Feller, R. Bjornson, M. Socolich, 
D. Smith, D. Mismer, G. M. Rubin, and C. S. Z., unpublished data). In 
transgenic animals coexpressing Rh2 and Rh4 opsins, the stimulating 
light was attenuated, and the band pass was decreased to reduce 
absorption overlap between these two rhodopsins. 
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